1. The activity of citrate-cleavage enzyme varies in accordance with the nutritional state of the animal. It is suppressed on starvation and restored on re-feeding after starvation. 2. The increase in enzyme activity that occurs on re-feeding starved animals depends on the diet. It is largest on diets high in carbohydrate and low in fat, and smallest on diets high in fat. Intermediate increases are obtained with balanced diets. 3. The ratio of activities of citrate-cleavage enzyme to acetate thiokinase varies from 2-5 for animals maintained on a balanced diet to 20 for animals re-fed with a diet high in carbohydrate. 4. The changes in activity of citrate-cleavage enzyme correlate with changes in the rate of fatty acid synthesis and provide evidence for the involvement of the citrate-cleavage reaction in fatty acid synthesis.
acetate (Gergely, 1955) , the diffusion of acetate from the mitochondria, and the activation of extramitochondrial acetate to acetyl-CoA. Acetate can also be formed from ethanol. In ruminants, acetate is made in large quantities by the rumen. The activation of acetate by the extramitochondrial acetate thiokinase occurs according to eqn. (2).
Acetate +ATP+CoA -+ acetyl-CoA+ AMP +pyrophosphate (2)
The present paper gives an evaluation of pathways I and II in terms of the activities of citrate-cleavage enzyme and acetate thiokinase in various nutritional states. A preliminary account has appeared (Kornacker & Lowenstein, 1963) . The third pathway (E) shown in Scheme 1 involves carnitine as carrier of the acetyl group (Bremer, 1962a,b; Fritz, 1963; Fritz, Schultz & Srere, 1963; Fritz & Yue, 1964; Norum, 1963) . The fourth pathway (IV) involves the direct diffusion of acetyl-CoA across the mitochondrial pathway (Lowenstein, 1963) . A quantitative evaluation of pathways III and IV will be presented subsequently. Srere (1959) . Because of frequent reports in the literature that hydroxylamine inhibits various enzymes, the hydroxamate method for determining citrate-cleavage activity was checked as follows. In one set oftubes the assay was run as described above. In a duplicate set of tubes the hydroxylamine buffer was replaced by 0.1 M-tris buffer, pH 7-5. In this set the reaction was stopped by rapidly chilling the reaction mixtures to 0°. The oxaloacetate formed was then assayed spectrophotometrically with an excess of malate dehydrogenase and NADH (Ochoa, 1955) . Both methods gave the same results (Table 2) . Srere (1959) has used the malate-dehydrogenase method to follow the citrate-cleavage reaction continuously. The discontinuous 210 1965 
RESULTS
Effect of starvation on the activities of citratecleavage enzyme and acetate thiokinase. The ratio of the rate of citrate cleavage over the rate of acetate activation (referred to below as the C/A ratio) is 2-5 in high-speed supernatants prepared from animals fed with the balanced diet. Fig. 1 shows that the scatter of points is relatively large for animals fed with this diet. However, Fig. 1 does not show that the ratio of the two rates remains relatively constant. When rats are starved there is little or no change in the activity ofthe citrate-cleavage enzyme for 24 hr., but it falls to one-third of the normal value after 2 days, and one-fifth of the normal value after 6 days of starvation. Except for the first day of starvation the activity of acetate thiokinase falls at approximately the same rate (Fig. 1) . Fatty acid synthesis decreases on starvation. The decrease in activity that occurs on starvation is consistent with a role of citrate-cleavage enzyme in fatty acid synthesis.
Effect of re-feeding starved animals with a balanced diet. When animals that have been starved for 2 days are re-fed with the balanced diet there is a rapid increase in the activity of citrate-cleavage enzyme (Fig. 2) . After re-feeding for 1, 2 and 3 days the activity of the enzyme increased 2-3-, 3-3-and Period of starvation (days) 4-7-fold respectively over the activity found in unstarved animals on a balanced diet. The activity then falls so that after re-feeding the diet for 4, 5 and 7 days it approaches normallevels. The activity of acetate thiokinase changes much less under the same treatment. After re-feeding for 1, 2, 3, 4 and 5 days the activity of the enzyme increased only 0-85-, 1-2-, 1-3-, 1-1-and 1-3-fold respectively over the activity found in animals on a balanced diet. After 7 days of re-feeding the activity is back to normal. That is to say, the enzyme activity increases by a maximum of only about 30% above normal after 2 and 3 days of re-feeding. This is not a significant increase. Fig. 2 Vol. 94 211 activity of citrate-cleavage enzyme increases well above that of acetate thiokinase during the period ofre-feeding. In preparations from normal animals, or from animals that have been starved for 2 days, the C/A ratio is 2-5. After re-feeding for 1, 2, 3, 4, 5 and 7 days, the C/A ratios are 6-7, 6-7, 9-3, 3-3, 3-0 and 2-8 respectively. Animals were also starved for 6 days and then refed with the balanced diet. Under these conditions the activities of the citrate-cleavage enzyme were 0-11, 1-38 and 1-75 ,moles/mg. of protein/hr. after 0, 1 and 2 days of re-feeding respectively. The increase in the activity of citrate-cleavage enzyme on re-feeding starved animals parallels the increases observed in fatty acid synthesis under similar conditions.
Effect of re-feeding 8tarved animal8 with a diet high in gluco8e. When animals that have been starved for 2 days are re-fed with the highglucose diet there is an even more rapid increase in the activity of the citrate-cleavage enzyme than that in animals re-fed with the balanced diet. After re-feeding for 1, 2, 3, 4 and 6 days, the enzyme activity is 6-8-, 12-, 13-, 8-and 5-5-fold greater respectively than that in animals maintained on a balanced diet (Fig. 3) . Again the activity of acetate thiokinase changes much less under these conditions. After re-feeding for 1, 2, 3, 4 and 6 days, the enzyme activity is 1-3-, 3-1-, 2*1-, 2-2-and 1-4-fold greater respectively than that found in animals on a balanced diet. Examination of the C/A ratio also shows that the activity of citrate-cleavage enzyme changes much more in response to the high-carbohydrate diet than does the activity of acetate thiokinase. After re-feeding for 1, 2, 3, 4 and 6 days the C/A ratios are 14, 9-4, 15, 9-2 and 9-7 respectively, compared with the normal ratio, 2-5.
Similar results are obtained when animals that have been starved for 2 days are re-fed with a highcarbohydrate diet consisting of white bread. After re-feedingwith white bread for 1, 2, 3, 4, 5 and 7 days, citrate-cleavage activity is 1-5-, 6-, 10-, 6-, 9-and 4-fold greater respectively than that in animals on the balanced diet (Fig. 4) . If animals that have been re-fed with white bread for 3 days are put back on the balanced diet, citrate-cleavage activity continues to rise for 1 day and then declines. Again the activity of acetate thiokinase changes much less under these conditions. After re-feeding for 1, 2, 3, 4, 5 and 7 days the enzyme activity is 0 5-, 0 7-, 1-2-, 1 1-, 1-2-and 088-fold greater respectively than that found in animals on a balanced diet. In other words, the activity returns to normal within a few days (Fig. 4 ). There is a small but definite peak of activity between the second and third day of refeeding, during which the acetate-thiokinase activity is 1F3-fold greater than that found in animals on a balanced diet. After re-feeding for 1, 2, 3, 4, 5 and 7 days the C/A ratios are 7-6, 20, 22, 14, 17 and 14 respectively, compared with the normal ratio, 2-5. The effect of re-feeding starved animals with a diet high in carbohydrate is to elevate the rate of fatty acid synthesis far above normal. The much greater increase in the activity of citrate-cleavage enzyme when starved rats are re-fed with the highcarbohydrate low-fat diet instead of the balanced diet is consistent with the much greater increase in the rate of fatty acid synthesis that is observed under these conditions.
The changes in C/A ratio rule out the possibility that changes in the activity of citrate-cleavage enzyme are simply due to changes in the number of cells or the amount ofprotein in the liver. Moreover, Weber, Banerjee & Bronstein (1962) and Weber & McDonald (1961) have shown that the total number of cells in the liver does not undergo large changes when starved rats are re-fed. These workers also found that the homogenate and high-speed-supernatant nitrogen values differ only slightly in the livers of starved as compared with the livers of starved and re-fed animals.
Effect of re-feeding starved animals with a diet high in fat. When animals that have been starved for 2 days are re-fed with a diet high in fat there is an increase in the activity of citrate-cleavage enzyme (Fig. 5) . However, this increase is much less than the increases shown in Figs. 3 and 4. After re-feeding for 1, 2, 3 and 5 days the enzyme activity is 0 57-, 1-8-, 1-7-and 1'5-fold greater respectively than that found in animals maintained on a balanced diet. The activity of acetate thiokinase returns to normal within 2 days after putting the animals on the highfat diet. The effect of re-feeding starved animals with a diet high in fat is to cause little change in the rate of fatty acid synthesis. The observation that there is little change in the activity of citratecleavage enzyme under these conditions is consistent with the role of this enzyme in fatty acid synthesis. Effect of ethionine on the increase in activity of citrate-cleavage enzyme. In view of the large increases in the activity of citrate-cleavage enzyme that can be elicited by re-feeding starved animals, it was decided to test whether these changes are due to the synthesis of new enzyme. Ethionine was used for this purpose. An attempt was made to administer the antimetabolite by intraperitoneal injection. Sufficiently large doses could not be given this way without the animal becoming visibly sick, and this method was abandoned. The administration of ethionine in the diet was therefore adopted. The increase in the activity of citrate-cleavage enzyme that occurs when starved animals are re-fed with the high-glucose diet is decreased by 0-2% of ethionine, and is suppressed almost completely by 0.5% of ethionine in the diet (Table 3 ). Bhaduri, 1962; Formica, 1962; Bhaduri & Srere, alues Table 3 . Effect of ethionine on the increase in activity of citrate-cleavage enzyme Male rats that had been kept on the balanced diet were starved for 2 days and then re-fed with the highglucose diet containing the following additions: A, none; B, 0 2% of ethionine; C, 0.5% of ethionine; D, 05% of ethionine+0 5% of methionine. Citrate-cleavage activity of high-speed supernatant prepared from liver was assayed after the animals had been re-fed for 48 hr. The results are for two animals, (i) and (ii), on each diet. that the first step ofthe incorporation of citrate into fatty acids is catalysed by citrate-cleavage enzyme (Spencer & Lowenstein, 1962) . It was also shown that, on re-feeding starved animals with a diet high in carbohydrate, the rate of citrate incorporation into fatty acids increases to much higher levels than does the rate of acetate incorporation (Spencer et al. 1964) . The activity of citrate-cleavage enzyme declines on starvation (Fig. 1) . When starved animals are re-fed with a balanced diet (Fig. 2) or a highcarbohydrate diet (Figs. 3 and 4) , the activities of citrate-cleavage enzyme and acetate thiokinase rise considerably above normal levels. The overshoot in the activity of the citrate-cleavage enzyme is much greater than that observed for the acetate thiokinase. These changes in enzyme activity parallel the inhibition of fatty acid synthesis that occurs on starvation, and the exceptionally large increases in fatty acid synthesis that occur when starved animals are re-fed with diets high in carbohydrate and low in fat (Boxer & Stetten, 1944; Bernhard & Steinhauser, 1944; Bloch, 1948; Shapiro & Wertheimer, 1948; Masoro, Chaikoff, Chernick & Felts, 1950; Medes, Thomas & Weinhouse, 1952; Hutchens, Van Bruggen, Cockburn & West, 1954; Miller, Cooper & Freeman, 1957; Emerson, Bernards & Van Bruggen, 1959; Tepperman & Tepperman, 1958a ,b, 1961 Cockburn & Van Bruggen, 1959; Masoro & Porter, 1960; Langdon, 1960; Fritz, 1961; Spencer et al. 1964) . Acetyl-CoA carboxylase and the enzymes of the fatty acid-synthetase complex show similar changes in activity (Gibson & Hubbard, 1960; Numa, Matsuhashi & Lynen, 1961; Korchak & Masoro, 1962) .
When starved animals are re-fed with a diet high in fat (Fig. 5) , the activities of citrate-cleavage enzyme and acetate thiokinase return to normal after 2 days, and there is little or no overshoot during the re-feeding. The diet used in these experiments contained 45% of fat, but it also contained 29% of carbohydrate. The small increases in the activities of the two enzymes shown in Fig. 5 may be due to the presence of this carbohydrate. The rate of fatty acid synthesis is regulated by both the fat and the carbohydrate content of the food. The higher the fat content, and the lower the carbohydrate content, the lower the rate of fatty acid synthesis (Masoro et al. 1950; Hausberger & Milstein, 1955) .
In each of the cases discussed the activity of citrate-cleavage enzyme changes in the manner expected of an enzyme involved in fatty acid synthesis. Acetate thiokinase shows similar but smaller changes at a much lower level of activity. This suggests that the pathway involving citrate is quantitatively much more imnportant than the pathway involving free acetate (Scheme 1). This work was supported by grants from the Medical Foundation, Boston, and the U.S. National Science Foundation (GB-833). M.S.K. is a predoctoral fellow of the U.S. Public Health Service (1-FI-GM-17525 AlAl). This paper is publication no. 298 from the Graduate Department of Biochemistry, Brandeis University.
